Introduction
The role of acetolactate as a precursor in valine biosynthesis was first indicated by the isotopic studies of Strassman et al. (18) and was subsequently supported by work on valine-less mutants of Escherichia coli (21, 22) and Neurospora crassa (24) . The direct conversion of acetolactate to a number of valine precursors, and to valine itself, has since been demonstrated in cell-free extracts of a number of microorganisms (11, 15, 19, 25) . A similar conversion of acetolactate to valine by crude extracts of spinach has been reported recently (27) and the enzymes responsible for this conversion demonstrated in cell-free extracts of Phascolus radiates (16) .
The formation of acetolactate from pyruvate has been observed in cell-free extracts of microorganisms (3, 5, 11, 14, 21) and pyruvate oxidase preparations from pigeon breast muscle (6) . Such a synthesis has also been reported briefly by Satyanarayana and Radhakrishnan (16) for extracts of Phaseolus seedlings. The present communication reports on the properties of a partially purified preparation of acetolactate-forming enzymes from ripening pea seeds. The relationship between the enzymes responsible for acetoin and acetolactate synthesis is also considered.
Materials and Methods
Chemticals. Sodium pyruvate was prepared by neutralization of redistilled pyruvic acid (British Drug Houses) with NaHCO3 at 0 to 5°. Stock solutions were stored at -15°until used. Acetolactate was prepared by the method of Krampitz (7) . Acetaldehyde was freshly distilled before use. Thiamine pyrophosphate (TPP) was obtained from the Sigma Chemical Co.
Plant Material. Ripening seeds of pea (Pisum sativumii L. var. Onward) were obtained from locally grown plants and harvested immediately before use.
Assay of Acetoin-and Acetolactate-forming Enzymies. The standard assay mixture contained enzyme, sodium pyruvate (0.6 mmole), Mg++ (5 pmole), TPP (0.32 mole) and either potassium phosphate buffer (0.3 mmole) or Tris-HCl buffer (0.3 mmole) of appropriate pH in a total volume of 3 ml. Incubation was for 1 hour at 300, following which the reaction was stopped by the addition of 1 ml of N NaOH. For the determination of acetoin, 1 ml of reaction mixture was made up to 10 ml and an aliquot assayed by the method of Westerfeld (26) . The determination of acetolactate was based on the fact that it is readily decarboxylated to acetoin on heating in dilute acid solution. A 1 ml sample of the reaction mixture was acidified with dilute H2SO4, heated at 70°for 10 minutes, cooled, neutralized and made up to 10 ml. An Other Assay Procedures. Acetolactate decarboxylase and CO2 production in general were assayed by conventional manometric techniques. Acetaldehyde was estimated by the method of Barker and Summerson (1) . Protein was determined by the method of Waddell (23) .
Preparation of Acetolactate-forming Enzymes. Chilled, immature seeds (100 g) were blended in 300 ml of cold 0.1 M Tris-HCl, pH 7.5, and the resulting slurry strained through several layers of muslin. The filtrate was centrifuged for 15 minutes at 15,000 X g to remove cell debris and the supernatant fluid retained as the crude enzyme preparation. This was then subjected to (NH4)2SO fractionation at 0 to 50
The crude enzyme preparation (250 ml) was treated with 45 g of solid (NH4)2SO4 and the inactive protein precipitate removed by centrifugation. To the supernatant fluid a further 15 g of (NH4)2SO4
were added and the precipitate spun down as before. This precipitate contained the bulk of enzyme activity, and was resuspended, with the aid of a glass homogenizer, in 100 ml of 0.5 M potassium phosphate buffer, pH 7.5 The enzyme was reprecipitated from this solution by the addition of 24 g of (NH,)2SO4, centrifuged and taken up in 50 ml of 0.02 M potassium phosphate, pH 7.5. This preparation was used as enzyme in the majority of experiments reported here.
As described under Results, evidence was obtained for the presence of 2 acetolactate-forming enzymes with different pH optima in the partially purified preparation. In a typical experiment, using the standard assay conditions, the crude enzyme preparation formed 0.1 and 0. Sulbstrate Specificity and Products of Acetoinforminig Enzymwie. With pyruvate alone as substrate, significant amounts of acetoin were formed only at relatively high concentrations (>0.01 M), while concentrations in excess of 0.1 M were slightly inhibitory and no acetoin was formed below 0.001 M (fig 6) . Under the standard assay conditions (0.2 M sodium pyruvate), the rate of CO2 and acetaldehyde production greatly exceeded that of acetoin, although the rates of formation of all 3 products were not linear with time. Following an initial rapid burst, the rate of CO2 production declined slowly over the first 60 minutes of incubation while the rate of acetoin synthesis, initially quite low, gradually increased over the same time period. It would appear that an accumulation of free acetaldehyde is required before active synthesis of acetoin from pyruvate can take place. Acidification of the reaction mixtures following incubation generally resulted in an increase in the amount of acetoin estimated, but the amount of acetolactate thus indicated never exceeded 10% of the total acetoin. Gassing the standard assay mixture with nitrogen during incubation and the addition of aldehyde-complexing agents such as semicarbazide and dimedone to the system failed to increase acetolactate production.
The addition of acetaldehyde stimulated acetoin synthesis at all pyruvate concentrations tested, although the response was most marked at relatively low pyruvate concentrations (fig 6) .
A small but significant amount of acetoin was produced when acetaldehyde was supplied as the sole substrate at high concentrations ( fig 6) .
Discussion
An interesting feature of the above results is the demonstration of at least 3 different enzymes capable of decarboxylating pyruvate in plant tissue extracts. Some indication of the reasons for the diversity of products observed in the above systems may be obtained from the results of recent work on the nature of the a-carboxylase reaction (2, 3, 8, 9) . The decarboxylation of pyruvate by cell-free extracts of yeast involves the formation of first a-lactyl-2-thiamine pyrophosphate (activated pyruvate) from which a-hydroxyethyl-2-thiamine pyrophosphate (activated acetaldehyde) is derived by decarboxylation (4). This latter hvdroxyethyl derivative is also produced by wheat germ preparations (2) . Some of the reactions thought to be involved are shown in figure 7, which is a modification of the scheme suggested by Holzer and Beaucamp (4).
In yeast and w,,heat germ preparations the hydroxyethyl group readily dissociates, or is displaced by pyruvate from the coenzyme-apoenzyme complex to yield free acetaldehyde (reaction 3) which can then be accepted by a further activated acetaldehyde resiclue to form acetoin (reaction 5). Such a series of reactions would constitute the carboligase system of Neuberg (12) . In wheat-germ preparations acetaldehyde alone serves as a substrate for acetoin synthe- sis, and this again has been shown to involve the preliminary formation of activated acetaldehyde (reaction 4). It should be noted, however, that the formation of free acetaldehyde is not a prerequisite for acetoin formation from pyruvate in extracts of N. crassa (14) . In a number of important properties, including pH optimum and its ability to form acetoin from pyruvate and acetaldehyde, alone and in combination, the acetoin-forming enzyme of the dormant pea seed resembles the wheat-germ enzyme studied by Singer and Pensky (17) and Carlson and Brown (2) . An important point of difference is the relative insensitivity of the pea seed enzyme to added TPP and metal ions. A TPP independent type of decarboxylation is thus indicated, but in view of the accumulated evidence on the nature of the carboxylase reaction, it seems more likely that in the pea seed preparation the coenzyme is firmly bound to the apoenzyme and is not released by the purification procedures used. A similar insensitivity to the same cofactors has been reported for the pH 6 acetolactate- of acetolactate formation. There is room for doubt therefore as to whether the bulk of the acetoin synthesized by the pea preparation at p1H 6, especially in the presence of added acetal(lehy(le, was in fact due to the activity of the acetolactate-forming enzymne.
It is possible that the relate ely crude preparations contained traces of the acetoin-forming enzyme characteristic of the dormant seed, and that this was responsible for the carboligase activity observed.
Like E. coli (14, 21) and A. acroggenes (3) the ripening pea preparations contain 2 acetolactate-synthesizing enzymes. In the present work, since the 2 enzymes were not resolved in the purification technique, the evidence for their presence is based upon the large differences in their pH optima, Km, values and. sensitivity to L-valine, and supported by the observation that the content of the 2 enzymes varied independently during the ripening process. WVhile acetolactate synthesis has previously been demonstrated by Satyanarayania and Radhakrishnan (16) in partially purified preparations from Phaseolus, it is clear that their system differs considerably from that describedd above for ripening pea seeds. The enzyme (lescribedl by the Indian workers had a requirement for high pyruvate concentrations, functioned optinldly at pH 7 and, most significantly, produced large quantities of acetaldehyde and acetoin, acetolactate being a relatively minor product of the reaction, usually accounting for about 10({ of the total acetoin. Clearly, the enzyme from seedlings of Phaseolus is very similar to the acetoin-forming enzyme of the dormant pea seed, and neither enzyme can be regarded as being primarily concerned wvith acetolactate biosynthesis.
The pH 8.5 acetolactate-forming enzyme from pea seeds is competitively inhibited by L-valine, the end product of the reaction sequence which it initiates. The phenomenon of en(l product inhibition has been reported for a number of biosynthetic pathways in microorganisms and animals (20) . Apart from the present demonstration of a similar process in ripening pea seed preparations, the only other reference to its occurrence in plants is the report of Neumann and Jones (13) (3) are not subject to end-product inhibition.
The relationship between the 3 carboxylase enzymes during development of the pea seed is of sonme interest. The similarity of the acetoin-forming enzyme and the pH 6 acetolactate-forminog enzyme with respect to effective pH range and requirement for high pyruvate concentrations suggests that some of the changes taking place during maturation of the seed could be explained in terms of enzyme nmodification rather than dle novo syntlhesis. It is possible that the acetoin-forming enzyme is derived from the pH 6 acetolactate-forming enzyme. and that one of the changes occurring ( 
